Our research aimed to compare the effects of four cryoprotectants and four slow freezing programs on the viability and apoptosis of primordial germ cells (PGCs) in vitro. PGCs were collected from chicken embryonic blood at Hamburger and Hamilton (HH) stages 14-16 and purified by Percoll density gradient centrifugation and then subjected to cryopreservation. We applied microscopy to determine the survival of PGCs after trypan blue staining and flow cytometry to examine apoptosis and viability after annexin V kit staining. We also examined the functionality of cryopreserved PGCs in vivo. Significant differences in viability of PGCs determined via microscopy and flow cytometry were observed. The most unfavorable combination for slow freezing PGCs was program 3 and MIX H (10% DMSO and 5% glycerol in Hank's solution supplemented with 10% FBS) as the cryoprotectant (48.43 and 15.37% live and early apoptotic PGCs, respectively). The highest average percentage of live PGCs (93.1%) and the lowest percentage of early apoptotic PGCs (6.5%) were achieved by slow freezing PGCs in the presence of DMSO F (10% DMSO in FBS) via program 1. Therefore, this method was chosen for the in vivo test. Cryopreserved (group 1) and freshly isolated (group 2) PGCs were transfected with a pEGFP-N1 plasmid, cultured under antibiotic selection, and then injected into 3-day-old embryos. After 5 days of incubation, we identified the EGFP marker gene in the gonads of 40 and 45% of recipients in groups 1 and 2, respectively. This is the first study to apply flow cytometry to examine the apoptosis and viability of cryopreserved PGCs. The in vitro and in vivo findings showed that the developed PGC cryoconservation method, depending on slow freezing at the rate of 2°C/min (program 1) in the presence of 10% DMSO F, is an improvement over previous cryoconservation methods and may be a useful tool for the ex situ strategy of poultry biodiversity preservation.
INTRODUCTION
According to a recent report from the Food and Agriculture Organization of the United Nations, 8% of animal species have become extinct and 22% are at risk of extinction [1] . Among avian species, 3% of breeds have become extinct and 24% are classified as being at risk, of which chickens constitute 32%. In the last decade, 14 chicken breeds have already become extinct. These data indicate the need to find an effective method to preserve poultry biodiversity. There are two strategies of poultry biodiversity preservation. First, the in situ strategy is based on maintaining live populations in their natural habitat and is generally dedicated to the conservation of wild species [2] . Second, the ex situ strategy involves storage of semen, blastodermal cells (BCs) and primordial germ cells (PGCs) under deep freezing conditions. BCs can be derived from the blastodisc of fertilized eggs at the X stage of development according to Eyal-Giladi and Kochav (1979) [3] . In the blastodisc there are 40 000-60 000 morphologically undifferentiated BCs and about 30 PGCs [4] , the precursors of mature ova and spermatozoa in adult birds. Due to the small number of PGCs, the bloodstream of 3-day-old embryos (stages [14] [15] [16] according to Hamburger and Hamilton [HH] , 1951 [5] ) and the gonads of 6-dayold embryos (HH stages 28-29) are the main sources of PGCs. Freshly isolated or cryoconserved PGCs demonstrate the ability of development and migration to the recipient's gonads, where they have the capacity for differentiation and production of functional gametes [6] . Therefore, PGCs are ideal to restore endangered breeds via chimeric intermediates [7, 9, 10] . Cryoconservation of PGCs can be performed via slow freezing [7, [9] [10] [11] [12] or the vitrification method [12] . In all these studies the survival of cryoconserved PGCs was only examined via microscopy after trypan blue staining, which allows examination of live and necrotic cells but not apoptotic cells, which are identified as live cells. It is good to know that the freezing and thawing processes are stressful for cells and can lead to activation of apoptosis [13] . We demonstrate an effective method for PGC cryopreservation and a new approach to evaluate the viability and apoptosis of cryopreserved chicken PGCs by flow cytometry analysis. To confirm the identity of PGCs purified by Percoll before freezing, we used staining with periodic acid-Schiff (PAS) and antibodies to stage specific embryonic antigen (SSEA-1). Our research aimed to compare the effects of four different cryoprotectants (10% dimethyl sulfoxide (DMSO) F, 10% DMSO H, MIX F, or MIX H) and four slow freezing programs on PGC survival measured using a microscope after trypan blue staining as well as apoptosis and viability determined by flow cytometry analysis after using an annexin V kit. To confirm the abilities of cryoconserved PGCs to migrate and colonize the forming gonad, we performed an in vivo test.
MATERIALS AND METHODS

Fertilized eggs and animal care
Fertilized eggs from White Leghorn chickens were obtained from Messa Poultry Farm (Ceglow, Poland). Chickens were maintained according to standard procedures. Incubation of fertilized eggs was performed at 37.8°C with 60-62% relative humidity (incubator FEST, Gostyn, Poland). The Second Warsaw Local Ethics Committee for Animal Experimentation approved all procedures and protocols.
Isolation of PGCs from the bloodstream
Blood was collected from the dorsal aorta of embryos (HH stages 14-16) using a fine glass micropipette (Maverick, Poznan, Poland) under a stereoscope and suspended in 0.1 mM EDTA containing antibiotic (1 × Penicillin/Streptomycin, Sigma-Aldrich Corporation, St. Louis, MO, USA). The cell suspension was centrifuged (400 × g, 5 min) and resuspended in OPTIMEM (Gibco Invitrogen Co., Grand Island, NY) supplemented with 5% fetal bovine serum (FBS, Gibco Invitrogen Co., Grand Island, NY).
Purification of PGCs
Purification of PGCs was performed according to the method described by Oishi et al. (2010) [14] . Briefly, the suspension of cells was centrifuged (400 × g, 5 min) and resuspended in 3 ml of OPTIMEM supplemented with 5% FBS. Then, a Percoll density gradient was formed using 50%, 25% and 12.5% Percoll solutions (Sigma-Aldrich Corporation, St. Louis, MO, USA). The prepared cell suspension (3 ml) was placed on the top of the density gradient. Subsequently, samples were centrifuged (1160 × g, 20 min, 20°C) and PGCs were collected between the 50% and 25% Percoll layers. To remove the residual Percoll, the PGCs were washed twice in OPTIMEM complemented with 5% FBS. Then the cells were resuspended in OPTIMEM with 5% FBS.
Identification of PGCs based on periodic acid-Schiff (PAS) staining and immunocytochemistry
For PAS staining, purified PGCs were fixed in 4% glutaraldehyde for 15 min. Then, the immobilized PGCs were washed twice in 1×PBS buffer (phosphate buffered saline, Gibco Invitrogen Co., Grand Island, NY) followed by addition of PAS Reagent (Periodic Acid Solution, Sigma-Aldrich Corporation, St. Louis, MO, USA). The samples were incubated at room temperature (RT) for 5 min, washed twice, and then incubated with Schiff's Reagent (Sigma-Aldrich Corporation, St. Louis, MO, USA) at RT for 15 min. After washing with 1×PBS buffer twice, the samples were observed under a light microscope (Eclipse E-800, Nikon, Tokyo, Japan). To confirm the identity of PGCs, we also performed immunocytochemical staining. Briefly, purified PGCs were fixed in 1% paraformaldehyde for 15 min, washed, and then centrifuged at 400 × g for 5 min. The cells were blocked with 3% goat serum for 30 min at RT, washed, and incubated with an antibody against a specific PGC marker (anti-stage-specific embryonic antigen 1 (SSEA-1)-FITC, Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1 h according to the manufacturer's protocol. The samples were observed under a confocal microscope (Eclipse TE 2000E, Nikon, Tokyo, Japan) at an excitation wavelength of 488 nm using a 515/30 filter.
Cryoconservation of PGCs
PGCs were frozen in cryogenic vials (Corning, MA, USA) in the presence of 10% DMSO (Sigma-Aldrich Corporation, St. Louis, MO, USA) or a mixture of cryoprotectants (MIX). The MIX consisted of 10% DMSO and 5% glycerol (Sigma-Aldrich Corporation, St. Louis, MO, USA). Cryoprotectant solutions were prepared using FBS (F) or Hank's solution with 10% FBS (H) as the diluent. Purified PGCs (~8 × 10 5 cells/ml) were resuspended in 1 ml of appropriate cryoprotectant solution (10% DMSO F, 10% DMSO H, MIX F, or MIX H) at 4°C and slow frozen using one of four different freezing programs ( Table 1 ). The chamber of the freezing system was pre-cooled to 4°C before each slow freezing process. After freezing, the samples were transferred to liquid nitrogen and stored for 2 months. Nalgene Thermo Scientific [7] The samples were thawed by transferring from liquid nitrogen to 4°C and then into a water bath at 37°C until they were thawed completely. Then, the samples were diluted by addition of 10 ml of pre-warmed Hank's solution containing 10% FBS and centrifuged at 930 × g for 5 min. The samples were washed twice with 5 ml of Hank's solution containing 10% FBS and then twice with 0.5 ml of OPTIMEM supplemented with 10% FBS. The PGCs were suspended in 0.5 ml of OPTIMEM C medium [OPTIMEM supplemented with 10% FBS, 2% chicken serum (Gibco Invitrogen Co., Grand Island, NY), 9 ng/ml murine leukemia inhibitory factor (Sigma-Aldrich Corporation, St. Louis, MO, USA), 20 ng/ml basic fibroblast growth factor (Sigma-Aldrich Corporation, St. Louis, MO, USA), 5 ng/ml human stem cell factor (Sigma-Aldrich Corporation, St. Louis, MO, USA) and 1× penicillin/streptomycin] and cultured for 24 h at 37°C with 5% CO 2 .
PGC viability detection by light microscopy PGC viability was estimated based on the trypan blue (0.4%, Sigma-Aldrich Corporation, St. Louis, MO, USA) exclusion method [15] . Live and necrotic PGCs were counted in a Neubauer chamber before freezing and at 24 h after thawing under a light microscope.
PGC viability and apoptosis detection by confocal microscopy
PGCs were stained with annexin V-FITC and propidium iodide (PI) (Annexin V FITC kit, BD Biosciences, San Jose, CA, USA) according to the procedure recommended by the manufacturer. Briefly, PGCs were washed twice with cold PBS and subsequently suspended in 1× Binding Buffer. Then, 100 μl of the cell solution (1 x 10^5 cells) were transferred to a 5 ml culture tube and 5 μl of Annexin V FITC and 5 μl of PI were added. Specimens were vortexed and incubated for 15 min at RT (25°C) in the dark. Then, 400 μl of 1× Binding Buffer was added to each tube and specimens were observed under a confocal microscope. Annexin V detected translocation of phosphatidylserine (PS) from the inner to outer plasma membrane of PGCs. The translocation of PS indicated PGC apoptosis. Observations were performed within 5 min for purified cells before freezing and at 24 h after thawing under a confocal microscope.
Fluorescence was observed at an excitation wavelength of 488 nm using two filters, 515/30 for FITC and 605/75 for PI, which allowed detection of four fractions of PGCs ( Fig. 1) . Chromatin condensation is a characteristic marker of apoptotic cells. To examine chromatin condensation, we stained PGCs with DAPI (4',6-diamidino-2-phenylindole, dihydrochloride, 1:1, Sigma-Aldrich Corporation, St. Louis, MO, USA) for 5 min in the dark at RT. Samples were observed under a confocal microscope at an excitation wavelength of fluorescence 488 nm using a 450/35 filter. Observations of purified PGCs were performed before freezing and at 24 h after thawing. 
Flow cytometric analysis
Flow cytometric analysis of PGCs labeled with annexin V-PE and 7-aminoactinomycin D (7-AAD) (Annexin V PE kit, BD Biosciences, San Jose, CA, USA) was performed using a FACS Aria (BD Biosciences, San Jose, CA, USA) equipped with an argon ion laser (488 nm) according to the manufacturer's protocol described previously. 
In vivo test
To confirm that PGCs cryopreserved using our method could migrate and colonize the forming gonad like freshly isolated PGCs, we performed an in vivo test (Fig. 2) . Briefly, the steps of this test are described below.
Fig. 2. Scheme of in vivo test.
Slow freezing, storage, and thawing of PGCs (1 & 2) . PGCs were slow frozen in the presence of 10% DMSO F using program 1 (2°C/min) and stored for 2 months. Subsequently, the cells were thawed, resuspended in OPTIMEM C medium, and cultured for 24 h at 37°C with 5% CO 2 .
Transfection of PGCs (3)
The frozen-thawed or freshly isolated PGCs were centrifuged at 300 × g for 3 min and resuspended in OPTIMEM, followed by addition of 20 µg of pEGFP-N1 plasmid (Clontech Laboratories, Inc., Mountain View, CA, USA). Then, the cell suspension was placed in a 0.4-mm cuvette and subjected to electroporation (200 V, 900 µF, and 32 ms; BIO-RAD). The PGCs were then transferred into the well of a 4-well plate and cultured for 24 h. Then, the medium was replaced with OPTIMEM C medium supplemented with 50 µg/ml G418 (Sigma-Aldrich Corporation, St. Louis, MO, USA) for selection every 3 days.
Injection of transfected PGCs into recipient embryos (4)
Approximately 2 µl suspensions of cryopreserved and transfected PGCs (group 1) or freshly isolated and transfected PGCs (group 2) were injected through an egg window into the dorsal aorta of embryos (at HH stage 14-16) after 7 days of antibiotic selection. Two control groups were used: unmanipulated embryos and embryos with a window for injection. Experimental and control groups consisted of 20 and 10 embryos each, respectively. Immediately after injection, the egg windows of recipients were sealed with paraffin film, and the embryos were returned to the incubator until HH stage 33-35.
Detection of EGFP marker gene in gonads of recipient embryos by PCR (5 & 6)
Total DNA was isolated from the gonads of the recipient (at HH stage 33-35) using a DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. PCR was performed with the following primers: 1-5'GACGACGGCAACTACAAGAC and 25'GTCACGAACTCCAGCAGGAC. The reaction mixtures (50 µl) contained 5 μl 10 × buffer (BIORON, Ludwigshafen, Germany), 500 mM KCl, 100 mM Tris-HCl (pH 8.8), 0.1% Tween-20, 15 mM MgCl 2 , 2 U polymerase mix Taq (BIORON, Ludwigshafen, Germany), 50 pM of each primer, 2.5 μl nucleotide mix, and 50 ng to 1 μg chicken DNA. PCR was performed for 30 cycles. The PCR products were visualized by ethidium bromide staining (0.5 μg/ml, Sigma-Aldrich Corporation, St. Louis, MO, USA) after separation on a 6% polyacrylamide gel in 1× Tris-acetate-EDTA buffer.
Statistical analysis
To estimate the influence of the applied programs and cryoprotectants on the percentages of live, early apoptotic, late apoptotic, and necrotic PGCs, we used two-factor analysis of variance in the random completely balanced arrangement. Assumption of the identity of variance for the combination of the program and cryoprotectant was examined by applying the Levene test. This assumption was met for all variables (p>0.05 in every case). Preliminary analysis of the results showed that transformation of the data was unnecessary. Homogeneous groups of means for significant effects of the model were separated using Tukey's HSD procedure [16] . Considering the identical number of factor levels for the program and cryoprotectant (four levels for both) and the same number of repetitions for every combination for both factors (three), the values of Tukey's HSD for both factors were the same. To examine differences in the percentages of live PGCs determined by flow cytometry and light microscopy, we performed a pairwise t-test (i.e., for differences between the percentages of live PGCs determined by flow cytometry and light microscopy). Statistical analysis was carried out using the AGRICOLAE package.
RESULTS
Characterization and identification of purified PGCs based on PAS and immunocytochemical staining
Percoll density gradient centrifugation resulted in a homogeneous suspension of round PGCs (10-14 µm in diameter) with a large nucleus and numerous vacuoles. As shown in Fig. 3A , PAS staining confirmed the identity of PGCs based on many glycogen particles in the cytoplasm. Immunocytochemistry staining showed expression of SSEA-1 in PGCs (Fig. 3B and C) . 
Observations of freshly isolated and cryopreserved PGCs by light and confocal microscopy
To observe differences in the viability and apoptosis of freshly isolated and cryopreserved PGCs, we stained the cells with trypan blue, annexin V-FITC kit, or DAPI. Freshly isolated PGCs contained of live cells only (Fig. 4A) . The highest number of apoptotic and necrotic PGCs was observed with slow freezing by program 3 (Fig. 4D) . Comparison of examining PGC viability by light microscopy and flow cytometry Significant differences in the viability of the same cryoconserved PGCs examined by microscopy or flow cytometry were observed. The average difference in the percentage of live PGCs determined by microscopy after trypan blue staining or flow cytometry was significantly lower than 0 (p < 0.001) (−17.58%) (95% CI: −19.42 to -15.73%). Fig. 5 shows representative differences in PGC viability determined by microscopy or flow cytometry. 
Flow cytometric analysis of PGC viability and apoptosis
Freshly isolated PGCs analyzed by flow cytometry were characterized by a high percentage of live PGCs (95.88%) (95% CI: 94.07-97.68) and a low percentage of early apoptotic PGCs (2.6%) (95% CI: 1.46-3.84]) (Fig. 6) . Such PGCs were slowly frozen under the various conditions and stored for 2 months. Thawed PGCs were cultured for 24 h and then analyzed by flow cytometry after annexin V-PE kit staining. Significant differences (p < 0.05) in PGC viability after cryoconservation using program 1, 2 or 4 were not observed. However, the highest average percentage of live PGCs (93.1%) (95% CI: 89.74-96.46) and the lowest percentage of early apoptotic PGCs (6.5%) (95% CI: 3-10) was achieved as a result of PGCs being slow frozen in the presence of 10% DMSO F using program 1. The most unfavorable combination for slow freezing PGCs was program 3 and MIX H as a cryoprotectant. For this combination, the average viability of PGCs was 48.43% (95% CI: 43.27-53.6) and the percentage of early apoptotic PGCs was 15.37% (95% CI: 8.9-19.3) (Fig. 7A and B) . Compared with programs 1, 2 or 4, we found a significantly higher percentage of PGCs in the late stage of apoptosis after slow freezing in the presence of DMSO or MIX using program 3 (p < 0.05) (Fig. 7 C) . The fraction of necrotic PGCs was significantly lower (p < 0.05) after slow freezing in the presence of DMSO or MIX using program 2, 3 or 4 than program 1 (Fig. 7 D) . The type of cryoprotectant's diluent (FBS or Hank's solution supplemented with 10% FBS) did not have a significant effect on the percentages of viable, early apoptotic, late apoptotic, and necrotic PGCs. However, significant differences in the percentages of viable, late apoptotic, and necrotic PGCs were found between DMSO and MIX solutions as cryoprotectants (p < 0.05) (Fig. 7) . 
Results of in vivo test
The viability of injected embryos (in groups 1 and 2) and uninjected embryos with an egg window was at a high level of 90%. Unmanipulated embryos had a viability rate of 100%. PCR analysis detected the EGFP gene in the gonads of 40 and 45% of recipients in groups 1 and 2, respectively ( Fig. 8A and B) . 
DISCUSSION
The intensification of the poultry production sector has contributed to the decrease in poultry biodiversity and may even lead to the extinction of some species. The percentage of extinct poultry species has increased from 2 to 3% within the last 3 years [17, 1] . These data show that currently applied strategies to conserve poultry biodiversity, in situ as well as ex situ, are not effective. The ex situ strategy includes conservation of avian breeds by cryopreservation of gametes, embryos, and embryonic stem cells. Because of the homogameity (ZZ) of males, semen cryopreservation does not guarantee reconstruction of an avian species. Moreover, cryopreservation of embryos and oocytes is not possible because of their structure, large size, and high lipid content. An alternative method to preserve both female and male genetic material in poultry is cryopreservation of embryonic cells, namely BCs and PGCs [8] . These embryonic cells can be used to restore endangered poultry breeds via chimeric intermediates. Thus far, PGCs, before being subjected to cryoconservation, have been purified by centrifugation in density gradients of Ficoll or Nycodenz [7, 11] . We cryopreserved PGCs after purification by Percoll density gradient centrifugation. The purified PGCs were identified based on PAS staining and immunocytochemical staining for a characteristic marker of PGCs. Fig. 3 illustrates the positivity of both markers in PGCs, confirming that Percoll density gradient centrifugation was a useful tool to purify PGCs. Therefore, we used this method for purification of PGCs before cryopreservation. In previous PGC cryopreservation studies, the viability of PGCs was measured by microscopy after trypan blue staining [7, 11, 12, [18] [19] [20] . In only one study [21] , a flow cytometer was used to determine the percentage of viable and nonviable PGCs after PI staining. This is the first report to examine the apoptosis and viability of cryopreserved chicken PGCs by flow cytometric analysis. We compared the effects of four cryoprotectants and four slow freezing programs on PGC survival as measured by microscopy after trypan blue staining as well as apoptosis and viability determined by flow cytometry after annexin V kit staining. The application of flow cytometric analysis to examine the viability and apoptosis of cryopreserved PGCs is more suitable than microscopy. First, flow cytometric analysis allowed us to examine 10 000 cells in a very short time, which makes this analysis more precise. Second, we could examine the percentage of apoptotic PGCs that reduces the PGC viability. During cryopreservation, cells undergo damage because of several factors, such as ice nucleation and dehydration, which are responsible for osmotic stress and damage to membrane structures [22] and consequently cause a reduction in viability and increase in the apoptosis and necrosis of cells. Naito (2003) and Setioko et al. (2007) reported the survival of PGCs derived from the bloodstream and purified by density gradient centrifugation using Ficoll or Nycodenz after slow freezing in the presence of 10% DMSO at 1°C/min at the level 94.2 and 83.5%, respectively [7, 11] . Although the PGC viability was high, its calculation was based on trypan blue staining. This study showed that the cryoconservation procedure was a stressful factor for PGCs and led to induction of the apoptotic process. Similar to the previous study, we purified PGCs by Percoll density gradient centrifugation and cryopreserved them in the presence of 10% DMSO F at a rate of 1°C/min (program 4). Viability of thawed PGCs as measured by microscopy after trypan blue staining was 97.43%. However, flow cytometric analysis of the same cells after annexin V kit staining showed that the percentages of viable and early apoptotic PGCs were 82.97 and 11.27%, respectively. Furthermore, the percentage of viable PGCs examined by microscopy after trypan blue exclusion was significantly (p < 0.05) inflated in comparison with their actual viability as determined by flow cytometry after annexin V kit staining (Fig. 5) . Therefore, we determined the effectiveness of the applied methods for PGC cryoconservation in vitro based on flow cytometric analysis. Although we did not observe significant differences in PGC viability after cryopreservation using program 1, 2 or 4, the highest average percentage of live PGCs (93.1%) and the lowest percentage of early apoptotic PGCs (6.5%) were achieved by slow freezing in the presence of 10% DMSO F using program 1 (Fig. 7 A and B) . In comparison, freshly isolated PGCs were 95.88% viable with a low percentage in the early stage of apoptosis (2.6%) (Fig. 6 A) . So far, PGCs have been cryoconserved at the rate of 1°C/min [7, 11, 12, [18] [19] [20] [21] . We demonstrated that it is possible to obtain > 10% higher PGC viability using a cooling rate of 2°C/min (program 1) in comparison with 1°C/min (program 4) (Fig. 7) . Our study also showed that an increase in the cooling rate to 4°C/min (program 3) resulted in the lowest percentage of viable PGCs and the highest percentage of apoptotic PGCs (Fig. 7) . Confirmation of the results of flow cytometric analysis was obtained by microscopic observations of PGC survival and apoptosis after staining with trypan blue, annexin V kit, or DAPI (Fig. 4) . In previous studies, PGCs were cryopreserved in the presence of a single cryoprotectant such as DMSO or ethylene glycol. To cryopreserve PGCs, Li et al. (2007) used glycol, polyethylene glycol, or DMSO as single cryoprotectants and combinations of DMSO with glycol or polyethylene glycol [19] . The highest percentage of live PGCs as measured by microscopy after trypan blue staining was obtained using the combination of DMSO with glycol (86.5%). We cryopreserved PGCs in the presence of 10% DMSO or combinations of 10% DMSO with 5% glycerol (MIX) diluted in FBS (F) or Hank's solution containing FBS (H) to evaluate the effect of the diluent and composition of the cryoprotectants on PGC survival and apoptosis. Application of 10% DMSO resulted in a significantly (p < 0.05) higher percentage of live PGCs and lower percentage of apoptotic and necrotic PGCs than those obtained with the combination of 10% DMSO and 5% glycerol (Fig. 7) , suggesting that the combination of 10% DMSO and 5% glycerol was not a suitable cryoprotectant for PGC cryoconservation. Furthermore, the type of diluent did not have a significant effect on the percentage of viable, apoptotic or necrotic PGCs (Fig. 7) . Both cryopreserved and freshly isolated PGCs can be applied to produce germline chimeras that can reconstruct the donor breed genotype after appropriate mating [23] . The effectiveness of breed reconstitution by freshly isolated and cryopreserved PGCs is 45 and 26%, respectively [24, 7] . Despite the high viability of PGCs after thawing as determined by the trypan blue exclusion method (over 90%), the efficiency of breed reconstruction is lower than that using freshly PGCs, suggesting that cryopreserved PGCs have lower functionality in vivo. Furthermore, the current study showed that cryopreservation induced apoptosis in PGCs (Fig. 7) , suggesting that the functionality of cryopreserved PGCs may be impaired by apoptosis. We investigated the in vivo functionality of PGCs cryopreserved in the presence of 10% DMSO F using program 1. To examine the ability of cryoconserved PGCs to migrate and colonize the forming gonad, we transfected cryopreserved (group 1) and freshly isolated PGCs (group 2) with the pEGFP-N1 plasmid by electroporation. After 7 days of culture under antibiotic selection, the transfected PGCs were injected into 3-day-old embryos. The recipient embryos were incubated until HH stage 33-35, and then DNA was isolated from the recipient gonad. It is worth noting that recipients of both freshly isolated and cryopreserved PGCs had a high viability rate (90%), suggesting that the manipulation of the chicken embryos was not a stressful factor. The EGFP marker gene was identified in the gonads of 40 and 45% of recipients in groups 1 and 2, respectively (Fig. 8) , suggesting that cryopreserved PGCs had very similar abilities to migrate and colonize gonads compared to those of freshly isolated PGCs. These findings confirmed that our developed method was well suited for the cryopreservation of PGCs.
CONCLUSIONS
This is the first study to examine the apoptosis and viability of cryopreserved PGCs by flow cytometric analysis. We found that the percentage of viable PGCs commonly examined by microscopy after trypan blue staining was significantly inflated compared to the actual number determined by flow cytometry and annexin V kit staining. The current study also showed that 10% DMSO is a better cryoprotectant for slow freezing PGCs in comparison with the combination of 10% DMSO and 5% glycerol. In vitro and in vivo experiments confirmed that PGC cryopreservation by slow freezing at 2°C/min (program 1) in the presence of 10% DMSO F is an improvement over previous cryopreservation methods and may be a useful tool for ex situ strategies of poultry biodiversity conservation. Further research to restore chicken breeds via chimeric intermediates using PGCs cryoconserved by our method are strongly recommended.
